The microwave spectrum of tricarbon oxide sulphide (3-thioxo-l,2-propadiene-l-one), 0=C= C=C=S, has been measured in the frequency range from 8 to 40 GHz and includes vibrational satellite lines arising from the vibrational manifold of the lowest-lying doubly-degenerate bending mode i>7. The method of analysis followed the theory of rotation-vibrational interaction as developed by Nielsen and Amat. The spectroscopic constants B v and D v as well as several vibrationrotational constants for each vibrational state vy = 0 to 7, = 1 and vq = 1 were determined with the aid of a newly written least squares program. The program structure relies on the correlation of the symmetry classification of energy levels in linear and bent molecules, and follows closely the analysis of asymmetric rotor spectra. From the «»vibrational spectrum of C3OS in excited states of vy up to t'7 -7 and 1 -6 the sign and magnitude of the effective vibrational anharmonicity constant xi t i t were determined. The interpretation of these results yields the information that in C3OS the potential function describing the two-dimensional oscillator of the vj bending mode is very harmonic and does not contain a perturbing hump. The dynamic behaviour of C3OS, a classical example of a linear molecule, is thus in sharp contrast to the quasilinear behaviour of C3O2 •
I. Introduction
The pure rotational spectrum of 3-thioxo-l,2-propadien-l-one, 0=C=C=C=S, was reported recently by Winnewisser and Christiansen [1] . The microwave spectrum of this molecule is that of a typical linear molecule and shows no sign of quasilinear behaviour. This is in sharp contrast to the complex infrared and submillimeter wave spectrum [2, 3] of 0=C=C=C=0, which is almost half-way between a linear and a bent molecule [4, 5] .
The molecule C3OS has three degenerate bending modes which have first been estimated from relative intensity measurements [1] and were later confirmed by the infrared observations of Nicolaisen and Christiansen [6] to be v5 = 529 cm -1 , -429 cm -1 and V7 = 77 cm -1 (relative intensity esti-mate 83(10) cm -1 ). Therefore the vibrational satellite hues in the pure rotational spectrum can be observed at room temperature from molecules in a large number of excited vibrational states. The energy levels of the V7 vibrational manifold are especially highly populated at room temperature, so that lines from states up to = 18 can be observed easily. In this paper we report our measurements and the analysis of C3OS molecules in some of these vibrational states. A further publication will be concerned with the potential function of the V7 vibrational manifold as determined from relative intensity measurements of the reported vibrational satellite fines and the variation of the molecular electric dipole moment with the vibrational quantum number V7 [7] . A third paper in this series will be concerned with the molecular structure of C3OS [8] .
II. Experimental Procedures a) Chemical Synthesis of C3OS
Samples of C3OS were prepared by the reaction of C3O2 with P4S10 as described in [1] . The experi-0340-4811 / 81 / 0800-0802 5 01.00/0. -Please order a reprint rather than making your own copy. mental set-up used in the preparation is shown in Figure 1 . As can be seen from Figure 1 , the synthesis of C3OS starts with liquid C3O2 which is kept in a storage vessel at -40 °C. Its vapours are allowed to pass over a stirred, saturated aqueous solution of CaCl2 at 20 °C in order to pick up a defined amount of water vapour. The substitution reaction of the replacement of oxygen in C30 2 by sulfur takes place in a U-tube (see Fig. 1 ) which contains a mixture of 10 g of a coarse fraction of Celite 545, 10 g of P4S10 and 5 g of paraffin oil through which the moisturized C3O2 is passed. The reactor tube is heated in an oil bath to 130-135 °C. The volatile reaction products are passed through a cold-trap at -75 °C in which the less volatile fraction is collected, such as the acid components CH3COOH etc. The volatile fraction is then trapped with liquid nitrogen. This fraction consists mainly of C3O2 and a small amount of C3OS. C3O2 and C3OS can easily be separated due to the difference in vapour pressure -70 °C. The C3OS is further purified by a single-plate distillation from -80 °C into a sample tube at liquid nitrogen temperature. It is important for the purification that the contents of the C3OS trap are repeatedly melted and recooled to dry ice temperature during the distillation process. In this way some impurities are kept back. Unreacted C3O2 is fed back into a C3O2 storage vessel. The yield of this process is extremely low. Only about 0.2% of C3O2 is converted into C3OS at each pass. In order to improve the yield a cyclic procedure has been adapted as can be seen from Figure 1 . It was found that for C3OS at -78 °C the vapour pressure is about 0.08 mbar.
b) Microwave Measurements
The microwave spectrum of C3OS was recorded using a Hewlett-Packard spectrometer model MRR 8460 A. The frequency range covered by this spectrometer is 8 to 40 GHz. All measurements were carried out at room temperature. The reproducibility of the reported frequencies is 10 to 20 kHz. The C3OS sample showed about 15% decrease of the line intensities after several hours in the goldplated absorption cell at a pressure of 0.025 mbar. The measurements were carried out at a sample pressure of 0.010 mbar. Since C3OS is rather sensitive to the presence of water vapour in the absorption cell, we conditioned the cell for several hours with C3O2 which removed all traces of water very effectively. 
a) The Energy Matrix of a Linear Molecule
The Hamiltonian adopted for the analysis of the experimental data is based on the formalism developed by Nielsen [9, 10] and Amat and Nielsen [11] . This theory rests on three assumptions:
1) The equilibrium structure of the molecule is linear.
2) The amplitudes of the normal modes of vibration are small.
3) The potential function associated with each of the three bending modes of the C3OS molecule may be represented by a two-dimensional isotropic harmonic oscillator with slight anharmonicity.
The unperturbed rovibrational energy Ery which results when some of the larger effects of anharmonicity are included in the Hamiltonian may be approximately expressed by the diagonal matrix element [12] . The analytical expression of the diagonal matrix element is reduced for this discussion to the case in which only one bending mode, for example 1*7, is excited:
G.S. 
= ^{(vtTlt)(v t ±lt + 2)
and has been discussed in detail in [12] . This type of matrix element contributes to every excited state vt > 0. We can neglect the higher order interactions expressed by higher order matrix elements * The phase factor taken here is different from that taken in Ref. [10, 19] and results in a positive off-diagonal matrix element, and thus a positive definition of qt.
as discussed in Ref. [12] in the case of the present data, though we did find it necessary to include the J-dependence of qi:
From a theoretical point of view the discussion of the energy levels belonging to these vibrational states is straightforward. However, in practice the size of the energy matrix and the number of matrix elements becomes large with increasing v. For that reason we developed a fitting program which can handle in a systematic way the Z-type resonance in any vibrational state for a single bending mode in a linear molecule, limited only by the array size in the program.
The analysis was approached by exploiting the analogy between the energy matrix of a linear molecule in various excited states of a single bending mode and that of an asymmetric rotor molecule in a single vibrational state. The angular momentum quantum number Z in the former case and K = K a in the latter case are equivalent [10, 13] ; the overall parity + or -of the rovibrational states has the same meaning in both types of molecules [14] and the correlation between the associated energy levels has been discussed frequently [4] . The offdiagonal matrix elements are only Al= ±2 in the former case, and only AK = +2 in the latter case (at least in the A reduction of the Hamiltonian [15] ), and even have the same J and K dependence [16, 17] . Therefore, the method and notation used in the analysis of an asymmetric rotor spectrum was applied in the organization of a fitting program for the analysis of the present C3OS data.
There is a separate energy matrix for each vibrational quantum number v and for each rotational quantum number J. Each block of the energy matrix is of size (v + 1) X (v-j-1) and tridiagonal. The energy matrix for even v is called | ß | and is composed only of even-Z basis functions, just as the even-K submatrix of an asymmetric rotor [17] . Similarly, the energy matrix for the odd vibrational states is composed of only odd-Z basis functions and is called | ö |, in analogy to the odd-K submatrix of an asymmetric rotor [17] .
b) The Wang Transformation and the Symmetry of Rovibrational Energy Levels
Since the energy matrices thus obtained have the same forms as those of an asymmetric rotor, they can be further factorized into two submatrices by applying a Wang transformation of the basis functions :
for Z =|=0, and
where | v, J, ± | Z|> is the basis wavefunction of a linear molecule, and X F ± (v, J, | Z |) is the transformed wavefunction. The transformed matrices after rearranging the rows and columns are the submatrices \ jß\+ t \S\-f |ö|+, \ö\~. Since these submatrices are the same as those of an asymmetric rotor the reader is referred to the detailed discussion by Gordy and Cook [17] where the explicit form of the matrices is given.
In our choice of the phase factor of the basis wavefunction, the symmetry of the wavefunction W ± (v, J, IZI) is obtained* as listed in Table 1 Table 1 has been recommended by Brown et al. [18] .
On the other hand, the symmetry of the levels of even v, the eigenstates of the | ß | ± matrices, cannot be correlated simply to upper and lower components of the Z-type resonance doublets. As discussed in detail in Ref. [12] , the symmetry has to be identified by finding a relation between the level in question and an Z = 0 level, which is an e state for a vibronic state and an f state for a 1 E~ vibronic state. Such a procedure of symmetry identification has to be used also for an odd v state if a rigorously unambiguous classification of the level is needed, rather than the above correspondence based on assuming the sign of q. 
IV. Assigment and Analysis of C 3 OS Data a) Assignment
For an odd v state, the l-l level splits into two well-separated substates of symmetry species e and f due to the off-diagonal matrix element given in (7). This correction to the energy is the largest among the various vibration-rotation corrections, since the substates are otherwise degenerate and the correction is a first-order correction. Therefore, we can assign the levels with the aid of the relations given in Table 1 for \ö\ submatrices assuming q-? > 0. For even v states, the 1 -2 substate splits into e and f substates, which can be assigned as follows: When g itlt is positive the 1 = 2 level is higher in energy than the 1 = 0 level. Thus the e component of the 1 = 2 state is pushed up by the Z-type resonance interaction. Similarly, when the constant g it i t is negative, the e energy level is pushed down. Thus the e level is higher than the f level for g ltlt > 0, and vice versa, as listed in Table 1 . The corrections discussed for the 11 \ = 1 or 111 = 2 states propagate into higher 11 j eigenvalues, as in an asymmetric rotor. The relations given in Table 1 Since the sign of the constant g itlt was not known, we had to extract this information from the effects of the Z-type resonance in order to identify the e and f components in the observed spectrum. The ö-plot [19] is helpful in this respect. The quantity <5 is defined for a pure rotational transition in a given 
where B Vt i is the effective rotational constant for the excited state obtained by fitting all the data for a given v, I component to the expression
and Do is the centrifugal distortion constant in the ground vibrational state. This quantity represents the deviation of the effective centrifugal distortion contribution in an excited vibrational state from that in the unperturbed case, represented by the ground vibrational state. An example of the 6 plot for the v = 6 state of C3OS is shown in Figure 8 . The 1 = 0 substate and the upper component of the Z = 2 state show large, symmetrical shifts relative to the vertical which indicate that these levels are coupled by the Z-type resonance interaction. Since only levels of the same rovibrational symmetry can be coupled, we can conclude that the Z = 0 and l = 2\j levels are of the same symmetry and can thus be labeled e. In addition we may conclude that g ltlt is positive for this particular system of interacting levels.
b) Least Squares Analysis of the Measured Lines
The measured vibrational satellite fines collected in Table 2 are R-branch transitions for which AJ = + 1 and Al = 0. The structure of the non-linear least squares fitting program is modelled after our asymmetric rotor programs. The quantum numbers and symmetry assignments are used to select the appropriate energy levels from the submatrix eigenvalues. The program sets up the Jacobian matrix, which is the derivative of the energy with respect (13) where QW=eW, and A is one of the molecular parameters.
This fast and compact method has been used with success in our programs for the centrifugal distortion analysis of asymmetric rotor spectra. The The adjusted constants for C3OS in the successive vibrational states of the V7 bending mode and the first excited states of and ve are given in Table 3 . Using these constants the values of the frequencies of the transitions given in Table 2 were calculated. 
V. Discussion
The adjusted spectroscopic constants of C3OS collected in Table 3 
is necessary and the results of the corresponding fits are also given in Table 4 . The variation of q 
